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To study the tempo and pattern of mitochondrial gene loss in plants,
DNAs from 280 genera of flowering plants were surveyed for the
presence or absence of 40 mitochondrial protein genes by Southern
blot hybridization. All 14 ribosomal protein genes and both sdh genes
have been lost from the mitochondrial genome many times (6 to 42)
during angiosperm evolution, whereas only two losses were detected
among the other 24 genes. The gene losses have a very patchy
phylogenetic distribution, with periods of stasis followed by bursts of
loss in certain lineages. Most of the oldest groups of angiosperms are
still mired in a prolonged stasis in mitochondrial gene content,
containing nearly the same set of genes as their algal ancestors more
than a billion years ago. In sharp contrast, other plants have rapidly
lost many or all of their 16 mitochondrial ribosomal protein and sdh
genes, thereby converging on a reduced gene content more like that
of an animal or fungus than a typical plant. In these and many
lineages with more modest numbers of losses, the rate of ribosomal
protein and sdh gene loss exceeds, sometimes greatly, the rate of
mitochondrial synonymous substitutions. Most of these mitochon-
drial gene losses are probably the consequence of gene transfer to the
nucleus; thus, rates of functional gene transfer also may vary dra-
matically in angiosperms.

M itochondrial genomes exhibit a 20-fold range in protein gene
content, from only three in the virtually extinct mtDNA of
Plasmodium and other apicomplexans to 61 in Reclinonomas (1, 2).
However, even Reclinomonas mtDNA encodes but a small fraction
of the proteins encoded by the bacterial progenitor of the mito-
chondrion (3). This finding implies that the great majority of the
original set of mitochondrial genes was either transferred to the
nucleus or lost entirely from the cell early in eukaryotic evolution,
before the emergence of essentially all extant lineages of eu-
karyotes. Mitochondrial gene loss and functional gene transfer to
the nucleus all but ceased in the common ancestor of animals, more
than 600 million years ago, as the many sequenced animal mtDNAs
all contain the same 13 protein genes (occasionally 12 genes; ref. 4).
Although functional gene transfer has ceased in animals, pseudo-
genes of mitochondrial origin are common in animal nuclear
genomes (reviewed in ref. 5). The protein gene content of fungal
mtDNAs is nearly as reduced (with two additional genes) and as
invariant as in animals (1, 2, 6). Only one case of fungal gene
transfer is known (7), and gene loss is largely restricted to the loss
in certain yeasts of all NADH dehydrogenase genes (1, 6) through
loss of the protein complex, rather than gene transfer.

Plant mtDNAs contain many more protein genes than do ani-
mals or fungi, 30-39 in the case of the three sequenced plant
mtDNAs (8-10). Within angiosperms, mitochondrial gene loss and
gene transfer are relatively frequent, ongoing phenomena. The
completely sequenced mtDNASs of Arabidopsis and sugar beet are
each missing, entirely or in part, 9-10 genes that are present in other
angiosperm mtDNAs (9, 10). In Arabidopsis, most of these genes
have been relocated to the mostly sequenced nuclear genome (ref.
11, see Discussion). Southern hybridizations reveal additional gene
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losses in several other flowering plants (12-19), many of which
result from gene transfer to the nucleus.

To comprehensively examine the tempo and pattern of gene loss
in angiosperm mtDNAs, we recently undertook a Southern blot
hybridization survey of DNAs from 280 genera of flowering plants,
representing 191 families (20). This survey was made possible by the
very low rate of nucleotide substitutions in almost all angiosperm
mtDNAs (20-22). So far, we have discovered remarkably frequent
loss of all four mitochondrial genes surveyed, the ribosomal protein
genes rps10 (23) and rpl2 (24) and the succinate dehydrogenase
genes sdh3 and sdh4 (25). Here, we greatly expand this survey to
include the other 36 protein-coding genes that have been found in
the mtDNA of at least one angiosperm. We find that all 14
ribosomal protein genes have been lost frequently, but that sdh3 and
sdh4 are anomalous among respiratory genes, with only two losses
detected among the other 19 respiratory genes. Our results also
reveal a surprisingly punctuated tempo of mitochondrial gene loss
(and probably gene transfer to the nucleus) in angiosperms. Certain
lineages have rapidly lost most or all of their 16 ribosomal protein
and sdh genes, at rates that greatly exceed the mitochondrial
synonymous substitution rate, whereas other lineages have main-
tained a constant set of mitochondrial genes for hundreds of
millions of years.

Materials and Methods

Total DNAs were extracted as in ref. 26. Several sets of
pseudoreplicate filter blots were made, each set containing one
digest (with either BamHI or HindIII) of each of the DNAs.
DNAs from cotton, tomato, and soybean were surveyed sepa-
rately from the other 277 plants. Details of blotting and hybrid-
ization procedures are in ref. 25.

Methods used for isolating and sequencing cox! genes from
Lachnocaulon, Goodenia, and Phlox are given as supporting
information on the PNAS web site, www.pnas.org, as are acces-
sion numbers of nuclear rps! and rps19 sequences extracted from
the National Center for Biotechnology Information expressed
sequence tag (EST) databases.

Kj, defined as the number of gene losses per locus in a pairwise
comparison of taxa, was calculated as follows: For a given pair of
taxa, the total number of separate losses (i.e., those absences not
resulting from a shared loss in their common ancestor) of ribosomal
protein and sdh genes in both species was divided by the number of
these genes present in the last common ancestor of the species pair.
The pairwise proportion of synonymous substitutions (Ks) in the
mitochondrial cox gene was calculated by using MEGA version 2.0

Abbreviation: EST, expressed sequence tag.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AY053574-AY053576).
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Table 1. Inferred numbers of mitochondrial gene losses among (www.megasoftware.net), with a Jukes—Cantor correction for mul-

280 angiosperms tiple hits by the Nei-Gojobori distance method.
Gene # of losses Gene # of losses
Results

rpi2 M atp1 0 Ribosomal Protein and sdh Genes Are Lost Frequently, Other Respi-
:Z ﬁe 12 ::z g (1) ratory-Related Genes Rarely. Southern blots containing total DNA
rps1 33 atp9 0 from 280 angiosperms were hybridized with probes for the 40
1ps2 g* cch2 0 protein genes known to be present in at least one angiosperm
rps3 7 cch3 0 mtDNA (Table 1; for details of the probes, see Table 3, which is
rps4 7 cebée 0 published as supporting information on the PNAS web site). As
rps7 42 ccb6n 0 with most respiratory gene probes, the cox2 probe shown in Fig. 1
:Z ;;? fi* E_Zf . g hybridized well to all DNAs shown, i.e., the lane-to-lane variations
rps12 6 cox2 1 in hybridization intensity were reproducible across these probes
rps13 30 cox3 0 (also see refs. 23-25). We therefore interpret these variations as
rps14 27 nad1 0 reflecting differences in the amount of mtDNA present in each lane
rps19 39 nad2 0 and conclude that each mtDNA probably contains an intact copy

nad3 0 of cox2. In contrast, the six probes shown for ribosomal protein
sdh3 40 nad4 0 genes failed to hybridize to several to most lanes (Fig. 1). Mito-
sdh4 19 nad4L 0 ; . .

nad5s 0 chondrial gene loss was inferred if there was no detectable or
matR 0 nadé 0 severely diminished hybridization on an overexposed autoradio-
mtt2 0 nad7 0 graph relative to two controls: good hybridization to the DNA in
orf25 0 nad9 0 question on the same filter by using other probes and good

*Includes one deep loss (see text).
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Fig. 1. Southern blot hybridizations of 91 angiosperm DNAs (of 280 examined in total) with probes for seven mitochondrial genes.
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Fig. 2. Inferred losses of mitochondrial ribosomal protein and sdh genes among 280 angiosperms (species names are listed at www.bio.indiana.edu/
~palmerlab.html). Bullets indicate absence of hybridization to the probe in question. Numbers on the branches of the tree indicate inferred numbers of losses per
internode. The three Gs indicate hybridizations scored as gains after ancient losses (see Results for explanation). Vertical names with brackets indicate plant orders. (A)
Magnoliids (Bottom, Ceratophyllum and below), monocots (Middle, Acorus through Hordeum), and basal eudicots (Top, Dicentra and above). (B) Rosids (Middle and
Top, Mytilaria and above) and basal eudicots (Bottom, Tetracentron and below). (C) Asterids (Middle and Top, Cornus and above) and caryophyllids (Bottom,
Bougainvillea and below). The tree of the 280 examined angiosperms was constructed by consulting various recent molecular systematics studies. The following were
the primary sources of interfamilial relationships: asterids (48) except for Lamiales (49), rosids and caryophyllids (50), basal eudicots (51), monocots (52), and magnoliids
(53). Intra-familial relationships were based on various sources listed at www.bio.indiana.edu/~palmerlab.html. rps70 data are from ref. 23. rp/2 data are for the 5’
portion of the gene (24). sdh3 and sdh4 data are from ref. 25.

hybridization to other DNAs with the probe in question. This
inference assumes that mitochondrial genomes are in high copy
number and conserved in sequence (see ref. 20 for two exception-
ally divergent genomes) relative to nuclear genes of single or low
copy number. This approach was validated by comparing to se-
quenced mtDNAs—blots and sequences show the same seven
complete gene losses for Arabidopsis (9) and nine losses for sugar
beet (10)—and by examining hybridization intensities to known
mitochondrial pseudogene fragments (see below). Also, follow-up
sequencing of the nuclear rps70 gene from 16 lineages of inferred
mitochondrial gene loss did not reveal any mitochondrial copies of
rps10 (23).

Adams et al.

The inferred gene absences were plotted on a molecular phy-
logeny of the 280 plants to infer the number and phylogenetic timing
of gene losses (Fig. 2; Table 1). A single gene loss was inferred in
the common ancestor of each clade whose members all are missing
the gene in question. The 40 mitochondrial genes fall into two
groups with respect to frequency of loss (Table 1). Twenty-four
genes, 21 of which function in respiration either directly or indirectly
(right half of Table 1), show no losses other than the well-studied
loss of cox2 in legumes (12, 13, 27, 28) and the loss of atp8 in Allium.
These include all 14 respiratory genes that are usually, if not
invariantly, present in mtDNA across eukaryotes (1, 2). In stark
contrast, all 14 ribosomal protein genes and both sdh genes have
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been lost several to many times (6—42 losses per gene, mean = 23.3,
median = 22.5).

Phylogenetic Depth and Pattern of Mitochondrial Gene Losses. The
inferred gene losses display a range of phylogenetic depth among
angiosperms (Fig. 2). Most losses are quite restricted in phyloge-
netic distribution and are thus relatively recent (Fig. 2). Fully 74%
of the 373 losses shown in Fig. 2 occur on terminal branches (i.e.,
are restricted to a single species surveyed). Likewise, most of the
losses are restricted to a single family or even a single genus within
a multiply sampled family. Only a small number of losses are
moderately deep and broad, encompassing several related families,
e.g., rpl2 throughout the Apiales and Asterales (Fig. 2C Top), rps10
in a large portion of the Caryophyllales (Fig. 2C Bottom), and sdh3
throughout the Asparagales and also the Poales (Fig. 24 Middle and
Top).

Some of the general patterns of gene losses are well illustrated
within the Poales (Fig. 24, second group from top). The most
striking example of gene losses is found in Lachnocaulon,
inferred to have lost all 16 ribosomal protein and sdh genes.
Maize (Zea) has lost eight of these 16 genes, compared with 3-6
losses among the other three grasses examined. In contrast,
Typha has lost only one gene. There is a deep loss of sdh3,
encompassing the entire order, whereas most losses (20 of 26)
are restricted to a single species.

There appear to be two very deep, ancient losses, both with the
same curious twist. Probes for rps2 and rpsI1 did not hybridize to
the DNAs of virtually all core eudicots (a group comprising 179 of
the 280 angiosperms in our survey), suggesting ancient loss of both
genes (Fig. 2 B and C). Mitochondrial-derived copies of both rps2
and rpsIl have been discovered in the nucleus of Arabidopsis,
soybean, and tomato (ref. 29; Table 4, which is published as
supporting information on the PNAS web site), suggesting that gene
loss followed functional transfer to the nucleus. The curious twist:
Despite the lack of hybridization to virtually all core eudicot DNAs,
the rps2 probe did hybridize strongly to DNA from Actinidia, a
highly derived eudicot (Fig. 2C), as did the rpsl1 probe to DNAs
from Betula (Fig. 2B) and Lonicera (Fig. 2C). We have investigated
Actinidia and found that its mtDNA does have an rps2 sequence, but
that this sequence may have been regained, by lateral transfer from
a distantly related, noneudicot mtDNA (unpublished data). We
tentatively interpret all three very isolated cases of rps2 and rpsl1
hybridization as subsequent regains (marked as G in Fig. 2) by these
plants after an early loss; this inference makes for a conservative
interpretation of the numbers of losses of these two genes.

All but one high-loss genes were lost with similar frequency
(within a factor of 2) in rosids and asterids, the two major groups
of eudicots (Fig. 2, Table 5, which is published as supporting
information on the PNAS web site). RpsI3 is the glaring excep-
tion: 24 losses of rpsI3 were inferred among the 84 rosids
examined vs. a single loss among the 77 asterids. We have shown
that the many rpsI3 losses in rosids probably all trace back to a
single event—a duplication of the nuclear gene for chloroplast
RPS13 and substitution of its gene product for RPS13 in the
mitochondrion—in the common ancestor of most rosids (54).

Variable Tempo of Gene Losses: High Rates of Loss in Some Lineages,
Stasis in Others. The gene absences are not distributed evenly across
angiosperms. Seventy-five percent of the plants are missing only
0-4 of the 40 protein genes from their mtDNAs, and many of these
are missing only the two genes (rps2 and rpsi1) that were lost very
deeply in eudicot evolution. The magnoliids, which include all of the
earliest angiosperms, show very little loss; 27 of the 33 magnoliids
have not lost any genes, and the other six have lost but one or two
genes. In contrast, 25 of 280 plants (9%) are missing eight or more
genes, and 10 plants (4%), representing seven very distinct lineages,
have lost 12 or more genes (Fig. 2).

The gene losses appear to be nonrandomly clustered on the
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angiosperm evolutionary tree (Fig. 2; Table 6, which is published
as supporting information on the PNAS web site). Among the
asterids, a total of 106 gene losses were inferred to account for
the observed distribution of gene absences. Of these losses, fully
42 (40%) map to but six of the 136 branches on the asterid
portion of the tree (Fig. 2C). These are the terminal branches
leading to Phlox (11 losses), Goodenia (eight losses), Callitriche
(seven losses), Clerodendrum (six losses), Daucus (five losses),
and Cyrilla (five losses). In contrast, 91 (67%) of the asterid
branches show no losses and 25 (18%) have one loss. The
monocots reveal an even starker contrast. Of 85 gene losses in
monocots, fully 34 (40%) map to but three of the 91 monocot
branches (Fig. 24). These are the terminal branches leading to
Lachnocaulon (13 losses) and Allium (11 losses), and the two-
steps-subterminal branch leading to Anacharis/Vallisneria/
Echinodorus (10 losses). Conversely, 55 (60%) of the monocot
branches show no losses and 20 (22%) have only one loss.

An illuminating perspective on the frequency of gene loss
comes from comparing relative rates of mitochondrial gene loss
and synonymous substitution. By analogy to the commonly used
parameter Kg (the number of substitutions per synonymous site
in a pairwise comparison), we calculated Ki (the number of
losses per gene in a pairwise comparison) for the 16 ribosomal
protein and sdh genes for various pairs of taxa and compared this
result to Ks calculated for the same taxa for the mitochondrial
gene coxI. CoxlI is representative of plant mitochondrial genes in
silent substitution rate (21) and was chosen because it is widely
sequenced among angiosperms. The well-known (21, 22) rarity
of synonymous substitutions in almost all angiosperm mtDNAs
is illustrated in Fig. 3 for the cox! gene relative to the frequent
loss of these 16 mitochondrial genes.

Pairs of taxa for K /Ks comparisons were selected from
various groups of angiosperms and include taxa with many
losses, few or no losses, and a moderate number of losses (Fig.
3). For all but three of the 42 pairs of taxa selected, Ky is higher
than Kg (Table 2); each of these three pairs had a total of only
one or no derived losses. In comparing two high-loss plants,
especially within an order or family, the K; /Ks ratio was often
very high (=10-36). Thus, in all but a few of the comparisons,
the per-gene rate of ribosomal protein and sdh gene loss exceeds,
often greatly, the per-site rate of silent nucleotide substitution.
In other words, in these lineages, if a particular silent site in a
ribosomal protein or sdh gene is considered, it is less likely that
the site will undergo a nucleotide substitution than that the gene
itself will be lost (and transferred to the nucleus, see Discussion).
Even if these comparisons are extended from the 16 high-loss
genes to all 40 mitochondrial genes surveyed, the K /K ratios
is reduced by only a factor of 2.5 and Ky still exceeds Kg in most
cases shown in Table 2.

Strengths and Limitations of the Southern Hybridization Survey: The
Pseudogene Problem. By using Southern blots, we were able to
survey mtDNAs from a few hundred diverse angiosperms for the
presence or absence of 40 protein genes. Although genome
sequencing obviously would give more definitive insights into
which genes are either intact, present as pseudogenes, or entirely
absent from these mtDNAs, sequencing is entirely unfeasible
with so many and such diverse plants. At several hundred kb per
genome (9, 10, 30), 280 angiosperm mtDNAs are roughly
equivalent to the entire length of the Arabidopsis nuclear ge-
nome, and purifying enough mtDNA for sequencing would be
difficult, if not impossible, for many of these plants.

The major weakness of the Southern approach involves mito-
chondrial pseudogenes. These occasionally occur in plants and are
difficult to score properly by a hybridization approach. Pseudogenes
that are nearly intact, such as rpsI4 and sdh4 in Arabidopsis (9, 31),
will be counted as “intact” genes by our scoring and could be
properly diagnosed only by sequencing. Conversely, but much less

Adams et al.
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problematic for our purposes, pseudogenes that are present as only
small fragments of a gene will be scored as absent in Fig. 2 (no or
significantly reduced hybridization). In some cases, trace pseudo-
genes were “successfully” detected as such by noting substantially
reduced hybridization to DNA from a species known to contain
only a fragment of a gene in the mitochondrion [e.g., 7psI2 in
Oenothera (32) and rps19 in Arabidopsis (9, 33)].

Depending on the phylogenetic context, undetected pseudogenes
can lead to either overestimates or underestimates of the number
of functional gene losses. Gene losses will be overestimated when
separate losses as inferred from blots trace back to a single deeper
loss of mitochondrial gene function, with one or more taxa within
the group in question having a nearly intact pseudogene scored as
present. Rpsl in tomato mtDNA is a good candidate for such a
pseudogene (see next section); if so, then the three separate losses
of rps1 scored for Capsicum, Nicotiana, and Petunia (Fig. 2C) would
collapse, at minimum, to a single loss in the common ancestor of
these four Solanaceae species. An extreme and probably excep-
tional example of retained pseudogenes and potential overesti-
mates of gene losses involves the 3’ end of 7pl2, as described (24).
Conversely, gene losses will be underestimated when nearly intact
pseudogenes occur within a group, all of whose members were
scored positively for the gene in question. Examples here are rps14
and sdh4 in Arabidopsis (9, 31). Undetected pseudogenes probably
lead to inflated Ki /Ks estimates within certain families or orders
(e.g., Euphorbiaceae, Lamiales, and Rosales), but to deflated
estimates on a broader scale, across monocots, asterids, and all
angiosperms.

The problem of undetected pseudogenes means that all of our
estimates of gene loss are tinged with a level of uncertainty. We do
not, however, regard this as a serious problem that compromises any
of the major conclusions of this study, both because of the offsetting
nature of the misestimates of gene loss they cause and because
pseudogenes do not appear to be that common relative to func-
tional genes (9, 10, 23). Limited sequencing might be performed in
the future to diagnose pseudogenes in clades for which the loss
patterns raise the possibility of pseudogenes (e.g., see ref. 24).

rps19 and rps1 Have Been Transferred to the Nucleus in Diverse
Angiosperms. The large number of losses of all 14 ribosomal
protein genes raises the possibility that each gene may have been
transferred to the nucleus many times, as recently shown for one
ribosomal protein gene (rpsI0; ref. 23) and both sdh genes (25).

Adams et al.

Here we evaluate fresh data on transferred sequences for two
other ribosomal protein genes.

The ribosomal protein gene rps19 is inferred to have been lost
39 times among the surveyed angiosperms (Table 1; Fig. 2).
Rps19 was isolated previously from the nucleus of Arabidopsis
and encodes an N-terminal extension of S19 that is homologous
to small, glycine-rich RNA-binding proteins (33). We discovered
transferred, nuclear genes (see additional Results, which are
published as supporting information on the PNAS web site) for
rps19 in maize, cotton, and two legumes by searches of National
Center for Biotechnology Information EST databases. Each of
these lineages represents a phylogenetically separate loss of
rps19 from mtDNA. Soybean and cotton rps19 encode predicted
targeting presequences of different lengths that show no evi-
dence of homology to each other (Fig. 4), to the Arabidopsis
rps19 presequence, or to any other sequences in the National
Center for Biotechnology Information databases. Most likely,
therefore, as explained in ref. 25, these distinct targeting se-
quences from three rosids were acquired from different source
sequences during separate activations and, probably, separate
transfers. Although the predicted presequence of maize rpsi9
shows no evidence of homology to those of the three rosids (Fig.
4), in itself this is fairly meaningless because orthologous mito-
chondrial presequences of monocot and eudicot genes have
often diverged to the point of nonalignability. However, taken
together with the likely separate transfers among the three rosid
lineages, and the highly disjunct loss of mitochondrial rps19 in
maize relative to the rosid losses (Fig. 2), the maize nuclear rps19
is probably also the result of a transfer separate from those in the
rosids. Overall, then, we conclude that each of the four rps79
genes depicted in Fig. 4 is probably the result of a separate
transfer event, although, as discussed in ref. 25 for similar data
for transferred sdh genes, other scenarios involving only one or
two, more ancient transfers cannot be ruled out.

Rps1 is inferred to have been lost 33 times among the surveyed
angiosperms. Searches of the National Center for Biotechnology
Information EST databases revealed transferred, nuclear (see
additional Results on the PNAS web site) genes for rps/ in tomato,
cotton, and three legumes. Tomato RPS1 and Medicago RPS1 have
putative mitochondrial targeting presequences of 38 aa and 13 aa,
respectively, as predicted by MITOPROT (34). These presequences
are not alignable, suggesting they may have arisen by means of
separate acquisitions and that the genes may be the products of
independent transfer events. Because the cotton rpsI EST appears
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Table 2. Relative rates of gene losses (K) compared to silent
substitutions (Ks)

Ki Ks Ki/Ks
Monocots
Zea-Lachnocaulon 1.39 0.14 9.6
Zea-Maranta 0.50 0.11 4.5
Lachnocaulon-Maranta 0.88 0.10 9.0
Musa-Maranta 0.06 0.13 0.5
Philodendron-Maranta 0.31 0.06 5.2
Lachnocaulon-Philodendron 1.31 0.10 13.4
Acorus-Philodendron 0.56 0.31 1.8
Zea-Philodendron 0.81 0.09 8.7
Asterids
Phlox-Goodenia 1.57 0.16 9.9
Phlox-Hebe 0.79 0.12 6.7
Goodenia-llex 0.86 0.16 5.5
Goodenia-Hydrocotyle 0.98 0.16 6.3
llex-Hydrocotyle 0.21 0.04 5.1
Clerodendrum-Phlox 1.36 0.13 10.7
Goodenia-Lamium 1.36 0.19 7.0
Phlox-llex 0.71 0.08 8.5
Lamium-llex 0.50 0.08 6.0
Hydrocotyle-Lamium 0.71 0.07 10.3
llex-Sanchezia 0.0 0.08 0.0
Rosales
Elaeagnus—-Rhamnus 0.71 0.03 28.6
Rhamnus-Hovenia 0.21 0.04 5.6
Hovenia-Elaeagnus 0.64 0.06 11.5
Lamiales
Lamium-Scutellaria 0.36 0.03 14.6
Scutellaria—Clerodendrum 0.55 0.03 21.8
Clerodendrum-Lamium 0.91 0.03 36.4
Hebe-Callitriche 0.54 0.03 15.8
Sanchezia—-Clerodendrum 0.64 0.04 16.9
Hebe-Sanchezia 0.07 0.05 1.5
Callitriche-Lamium 1.07 0.04 24.9
Euphorbiaceae
Hevea—Croton 0.43 0.03 14.3
Croton-Euphorbia 0.36 0.04 8.3
Euphorbia-Hevea 0.36 0.01 27.5
Angiosperms
Buxus-Grevillea 0.38 0.06 6.7
Musa-Grevillea 0.06 0.20 0.3
Beta-Rhamnus 0.64 0.13 5.1
Lachnocaulon-Gardenia 1.88 0.26 7.2
Elaeagnus-Clerodendrum 1.21 0.02 9.6
Goodenia-Elaeagnus 1.43 0.16 9.0
Grevillea-llex 0.13 0.08 1.6
Scutellaria-Hevea 0.29 0.09 3.1
Zea-Grevillea 0.50 0.12 4.0
Beta-Phlox 1.21 0.21 5.8

to be incomplete, lacking the 5’ end, including a potential targeting
element, the independence of its transfer is more difficult to assess.

Interestingly, cotton, soybean, and Medicago all retain a strongly
hybridizing rps19 sequence in their mtDNAs, and tomato and
Medicago mtDNAs both have a strongly hybridizing rps! sequence
(Fig. 2). Whether these sequences are intact, much less expressed,
in any of these mitochondria requires further study. Soybean and
various related legumes are already known to contain intact copies
of the cox2 gene in both the mitochondrial and nuclear genomes,
with both genes expressed in a subset of these taxa (28).

Discussion

Do the Many Gene Losses Reflect Many Gene Transfers to the Nucleus?
Any one of the approximately 375 mitochondrial gene losses
inferred in this study could be explained by either transfer of the
gene to the nucleus, functional substitution by a related protein, or
loss of the protein and its function from the plant. Evidence is
building, that many, probably most, of the gene losses result from
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Fig.4. Nuclear rps79 gene structures and predicted presequences. (A) Gene
structure diagrams. Triangles indicate positions of introns. The Arabidopsis
and soybean sequences are genomic; that of cotton is a cDNA. UTR, untrans-
lated region. (B) Presequences of rps719 from cotton and soybean are predicted
by MITOPROT (34).

gene transfer to the nucleus. Most impressively, in the case of maize,
all eight genes that were inferred to be lost from its mtDNA by our
blot surveys have been discovered as recently transferred genes in
the nucleus (refs. 23-25 and 35; this study; Table 4). The mostly
sequenced nuclear genome of Arabidopsis (11) contains transferred
copies of eight angiosperm mitochondrial genes (refs. 11, 24, 25, 29,
33, 36, and 37; Table 4), two of which also still reside in its mtDNA
as pseudogenes, but lacks transferred copies of two missing mito-
chondrial genes (see next paragraph). For each of four other,
disparately related plants (tomato, cotton, soybean, and rice) for
which extensive EST sequences are available, several transferred
genes also have been identified (Table 4). Finally, in the case of
rpsl10, the most extensively characterized of the high-loss genes,
transferred copies of the gene have been recovered from all 16 of
its 26 identified loss lineages that were examined for a nuclear copy
of rps10 (23), and multiple transferred genes have been documented
for a few other high-loss genes (see below).

For only three genes do we have evidence to suspect that some
losses may not reflect transfer, but either substitution or loss of the
protein. One gene is7ps7, which despite 41 mitochondrial losses has
not yet been isolated from the nucleus of any angiosperm, including
two mitochondrial loss lineages (soybean and tomato) for which
extensive EST data are available. Also, concerted efforts to isolate
rps7 from the nucleus of two loss lineages (soybean and Podophyl-
lum) have failed (ref. 38; L. Bonen, personal communication). A
second gene with many losses, 7psI, has not been identified in the
mostly sequenced nuclear genome of Arabidopsis (11). Although
rpsI has been found transferred to the nucleus in tomato, legumes,
and cotton (see Results), it may have suffered a different fate in
Arabidopsis. Finally, as described in Results, the unusual concen-
tration of losses of rps13 in rosids (including Arabidopsis) probably
reflects a single gene substitution event in the common ancestor of
rosids. This is the only known case of gene substitution in the
evolution of these 16 high-loss genes and contrasts with the many
case of gene transfer documented for these genes.

Although gene transfer seems clearly to be the predominant
explanation for mitochondrial gene loss in angiosperms, the ques-
tion still remains as to how many transfer events are responsible for
the hundreds of losses detected in this study. At one extreme, a
single relatively ancient transfer, say in the common ancestor of
angiosperms, could have given rise to all of the many subsequent,
hence dependent, mitochondrial gene losses inferred for a high-loss
gene. At the other extreme, the losses could all be independent,
resulting from separate events of gene transfer. For rps10, we have
shown that many, if not all, of its 26 losses are the result of separate,
independent transfers to the nucleus, each occurring relatively
recently during angiosperm evolution (23). There is also evidence
for four separate transfers of sdh3 (25) and rps19 (ref. 33; this study),
three separate transfers of sdh4 (25), rpl2 (24), rps14 (refs. 35, 37,
and 39; this study, see Table 4), and rps! (this study), and two
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separate transfers of rps/1 (40, 41). Given the many additional,
phylogenetically scattered and recent losses of these genes and
other ribosomal protein genes, it is likely that most of the 16
high-loss genes have been transferred to the nucleus repeatedly
during the course of angiosperm evolution. This being the case,
then the patterns and rates of mitochondrial gene loss depicted and
summarized in Figs. 2 and 3 and Tables 1 and 2 can reasonably be
used as a rough approximation for patterns and rates of functional
gene transfer to the nucleus.

Stasis in Gene Content During Much of Plant Evolution and Bursts of
Recent Losses and Transfers. The 33 basal angiosperms (bottom taxa
in Fig. 24), which represent multiple ancient lineages, exhibit
extreme stasis in mitochondrial gene content. Only six losses (Fig.
2A) have occurred among these many old lineages, and most of
these plants have kept all of their mitochondrial genes, i.e., they
have preserved the set of ~40 protein genes that characterized the
common ancestor of all angiosperms. This angiosperm stasis is just
part of a prolonged stasis extending all of the way through land plant
and green algal evolution—specifically in the lineage leading to land
plants, but by no means in all green algae, some of which have
sustained massive loss of mitochondrial genes (1, 2, 42)—to their
common ancestry with red algae at least 1.2 billion years ago (43).
One can infer that this common ancestor contained 46 protein
genes in its mitochondrial genome (42, 44). Only four of these genes
were lost in the 750+ million years leading to the origin of land
plants, and only two more were lost in the first ca. 300 million years
of land plant evolution leading to angiosperms. Nonvascular plants,
insofar as represented by the fully sequenced mitochondrial ge-
nome of Marchantia, are also static. Marchantia has functionally lost
and transferred to the nucleus only one of the protein genes inferred
to be present in the common ancestor of land plants, and this
apparently only recently, leaving a pseudogene copy in the mito-
chondrion (8, 45).

The contrast is striking between this prolonged stasis throughout
one branch of land plant/green algal evolution, a stasis that
continues in many lineages of angiosperms, and the sudden and
rapid loss of many or even all of the 14 ribosomal protein genes and
two sdh genes in a number of recent lineages. Some plants, such as
Lachnocaulon, Allium, and Erodium, have suddenly become rather
animal-like or fungal-like with respect to mitochondrial gene con-
tent. These plants have lost most or all of their ribosomal protein
and sdh genes, genes that were transferred wholesale to the nucleus
in the common ancestor of animals and fungi, but have retained all
of the respiratory genes that also remain in animal mtDNAs [plus
10 other genes, four of which (the cch genes) are missing from
animal and fungal mtDNAs because of loss of the entire CCB
complex and its functional replacement by a different pathway for
cytochrome ¢ biogenesis (46)].

Rates of gene loss and, most likely, gene transfer (see pre-
ceding section) are (or have been) extraordinarily high in these
and certain other lineages. For the 16 high-loss genes, rates of
loss often exceed, sometimes by an order of magnitude or more,
rates of synonymous substitutions in protein genes (Table 2; Fig.
3). This comparison is admittedly skewed in the sense that almost
all angiosperm mtDNAs have very low substitution rates (21, 22);
still, these rates of gene loss and gene transfer are at least
comparable to synonymous substitution rates in chloroplast and
plant nuclear genomes (21, 22). Furthermore, it is entirely
possible that greatly increased sampling within the high-loss
lineages (often represented here by but a single taxa) will reveal
that episodes of gene loss and transfer have occurred even more
furiously than can presently be recognized.

The remarkably punctuated pattern of evolution of mitochon-
drial gene content in angiosperms probably is driven largely by
major episodic surges in the rate of functional gene transfer. The
underlying mechanism(s) responsible for highly elevated rates of
gene transfer will be fascinating to elucidate. Functional gene
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transfer is a complex, multistep process thought to involve reverse
transcription of a mitochondrial mRNA (at least for most mito-
chondrial genes in angiosperms; e.g., refs. 12, 23, 27, 32, and 36),
mRNA or cDNA movement to the nucleus, chromosomal integra-
tion, gain of a nuclear promoter and other regulatory elements, and,
usually, gain of a mitochondrial targeting presequence. Changes in
the rate of any of these processes could, in principle, drive an
increased rate of gene transfer.

A high rate of gene transfer could be driven by an elevated rate
of reverse transcription (either inside or outside the mitochon-
drion), an increased supply of mitochondrial targeting peptides
and regulatory elements (through either nuclear genomewide
duplication, i.e., polyploidy, or specific, high-copy number am-
plification of one or a few nuclear genes that encode mitochon-
drial proteins), an increased propensity for mitochondria to fuse
with the nucleus or to lyse and spill their contents into the
cytoplasm, or various other factors. The discovery of many
different lineages of plants that have or are experiencing high
rates of gene transfer both increases the likelihood of success in
unraveling underlying factors in at least certain high-rate lin-
eages and also offers the opportunity for comparison of under-
lying mechanism between different lineages. Periods of pro-
nounced stasis in mitochondrial gene content could, in theory,
reflect both the absence of forces, such as a high rate of reverse
transcription, that actively promote gene transfer and the elab-
oration of genetic incompatibilities (e.g., the evolution of non-
standard genetic codes in the mitochondrion, or of highly
divergent codon usage patterns between the two genomes) that
prevent functional gene transfer. Although divergence in genetic
code is almost certainly a major contributor to the long-term lack
of gene transfer in animals and fungi (see Introduction), there is
no evidence so far that it has played a role in the long-term plant
stasis that has been recently shattered in many derived lineages
of angiosperms.

Gene-Specific Patterns of Mitochondrial Gene Loss. We have docu-
mented a stark contrast in angiosperms between many losses of
16 ribosomal protein and sdh genes vs. virtually no losses of 21
other respiratory-related genes and three other genes. A com-
monly held explanation—the so-called “hydrophobicity hypoth-
esis”—for why many respiratory genes are so refractory to gene
transfer is that their hydrophobic, integral-membrane protein
products are very difficult to successfully import and correctly
assemble into mitochondria (see ref. 20 and references therein).
Conversely, according to this view, relatively small, soluble
proteins such as ribosomal proteins should be relatively easy to
import. Some respiratory proteins may require special targeting
sequences for successful import and sorting (55), whereas ribo-
somal proteins seem to make use of just about any potential
targeting sequence (Fig. 4, e.g., refs. 23 and 40). Although
hydrophobicity and, more generally, importability are probably
important constraints on the transfer of some, perhaps many
respiratory proteins (see ref. 56 for important recent data on
cox2), other factors are undoubtedly also involved (57, 58), and
the relative contributions of these factors must vary between
genes and over time (see below). The succinate dehydrogenase
genes sdh3 and sdh4 stand out as exceptions to the general
pattern of rare transfer of respiratory genes in angiosperms (25)
and have also been lost and presumably transferred many times
across eukaryotic evolution (1, 2). Among ribosomal protein
genes, all of which have been lost relatively frequently in
angiosperms, there nonetheless seems to be a gradient/hierachy
with respect to likelihood of transfer, both within angiosperms
(Table 1) and on the broad scale of eukaryotic evolution (44). As
with respiratory genes, this gradient is likely to reflect a gene-
and lineage-specific interplay of multiple factors.

The angiosperm pattern of frequently vs. infrequently lost
mitochondrial genes largely holds up across the broad sweep of
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eukaryotes (1, 2), but with several exceptions. All of the 16
high-loss genes in angiosperms have also been repeatedly lost in
other mitochondrial lineages. Similarly, many of the respiratory
genes that are invariantly present in angiosperm mtDNA are also
rarely if ever lost from other mtDNAs. Most notably, cox! and
cob are present in every examined mtDNA, and nadl, nad4, and
nad5 are universally mtDNA-encoded in all organisms that
retain complex I in their electron transfer chain. The exceptional
genes, invariantly present in angiosperm mtDNAs but lost from
nonplant mtDNAs about as frequently as ribosomal protein
genes (1, 2), are the four cch genes and several respiratory genes
(most prominently atp! and nad7, and to a lesser extent nad4L
and nad9). Some, perhaps most, of the cch gene losses across
eukaryotes reflect loss of the entire suite of cch genes from these
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organisms and the employment of an alternate pathway for
cytochrome c biogenesis (46). For atp! (e.g., ref. 47) and the nad
genes, however, the many mitochondrial losses across eukaryotes
probably reflect gene transfer to the nucleus. Future studies
could attempt to identify the factors that so constrain the
functional transfer of these respiratory genes in plants relative to
other eukaryotes.
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